Protein-RNA interactions play an important role in many biological processes. The ability to predict the molecular structures of protein-RNA complexes from docking would be valuable for understanding the underlying chemical mechanisms. We have developed a novel nonredundant benchmark dataset for protein-RNA docking and scoring. The diverse dataset of 72 targets consists of 52 unbound-unbound test complexes, and 20 unbound-bound test complexes. Here, unbound-unbound complexes refer to cases in which both binding partners of the cocrystallized complex are either in apo form or in a conformation taken from a different protein-RNA complex, whereas unbound-bound complexes are cases in which only one of the two binding partners has another experimentally determined conformation. The dataset is classified into three categories according to the interface root mean square deviation and the percentage of native contacts in the unbound structures: 49 easy, 16 medium, and 7 difficult targets. The bound and unbound cases of the benchmark dataset are expected to benefit the development and improvement of docking and scoring algorithms for the docking community. All the easy-to-view structures are freely available to the public at http://zoulab.dalton.missouri.edu/ RNAbenchmark/.
Introduction
Due to the cost and technical difficulty of experimental structure determination, molecular docking has become an important computational tool for studying biomolecular recognition. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Over the past few decades, a variety of docking algorithms have been developed. Meanwhile, it is commonly believed that selection of structures for benchmarking is important to the development of docking algorithms and scoring functions (e.g., refs [16] [17] [18] [19] [20] [21] [22] ) because of two reasons. First, benchmark datasets can be used for validation of docking algorithms and scoring functions. Second, comparative assessments of different docking and scoring algorithms on the same benchmark datasets may provide valuable insights into how to improve the existing algorithms and how to develop novel methods. [22] [23] [24] A good set of structures for benchmarking binding mode predictions should possess three features. First, a benchmark dataset should consist of diverse targets to test the robustness of docking/scoring algorithms. Second, only experimentally determined structures should be selected for benchmarking so as to prevent introduction of computational errors. Finally, the benchmark structures should include both the bound and unbound structures of the binding partners so as to reflect conformational changes on binding.
Several good benchmark datasets have been developed for protein-protein docking and protein-DNA docking. [17] [18] [19] [25] [26] [27] [28] The docking community urgently needs novel datasets with diverse targets to be assembled for benchmarking protein-RNA docking algorithms, because of the critical role played by protein-RNA interactions in many biological processes such as protein synthesis, DNA replication, regulation of gene expression, and defense against pathogens. [29] [30] [31] [32] [33] [34] [35] [36] [37] With the increasing number of experimentally determined structures of RNAs and protein-RNA complexes deposited in the Protein Data Bank (PDB), [38] development of a benchmark dataset for protein-RNA docking has become feasible. In this study, we have developed a large benchmark dataset which consists of 72 diverse targets for protein-RNA docking from the PDB, referred to as RNABenchmark 1.0. Each target in the benchmark dataset includes both the cocrystallized partners and their corresponding unbound structures so as to reflect the conformational changes on binding. The benchmark dataset will be beneficial to those in the docking community who are studying protein-RNA interactions.
Materials and Methods
We have developed a nonredundant benchmark dataset of 72 protein-RNA targets from the PDB. Similarly to other benchmark datasets in the macromolecular docking field, each target in our benchmark dataset contains the bound structures and at least one unbound structure(s) for unbound docking. Here, we follow the definitions of bound and unbound structures in the protein docking field. [25, 26] Namely, if two structures belong to the binding partners in an experimentally determined complex, they are defined as the bound structures of this complex; otherwise, if a structure is in free form or belongs to a binding partner in another complex, it is defined as an unbound structure. The bound structures in the benchmark are used as a ' 'reference' ' to check the conformational changes between the bound and unbound structures as well as the accuracy of the predicted binding modes from unbound docking. As a reference, the bound structures need to be as accurate as possible. Therefore, we have restricted the bound structures to be crystal structures that are often thought to be relatively more accurate. However, we have removed this restriction when searching for the corresponding unbound structures that are used for testing how successful a docking/scoring algorithm can handle the conformational changes between the bound and unbound structures due to the changes of physiological and/or experimental (e.g., X-ray, NMR, etc.) conditions-a major purpose of a macromolecular docking benchmark dataset. Specifically, we queried all the X-ray crystal structures with resolution better than 4.0 Å to identify those PDB entries that contain at least one protein and one RNA chain but no DNA chains. As of April 12, 2011, the search yielded a total of 859 entries. These PDB entries were manually examined and the adequate protein-RNA complexes were kept. Here, an adequate protein-RNA complex is defined as a structure that meets all of the following criteria. First, both the protein and the RNA should belong to the same biological unit. Second, the number of the residues in the protein should lie between 20 and 1000, and the number of the residues in the RNA should range from 20 to 200. Third, there should be no more than six chains in the protein or RNA. Finally, the complexes that contain only backbone atoms in the protein or in the RNA should be excluded. A total of 313 structures of protein-RNA complexes met the inclusion criteria.
The selected complexes were then clustered according to their sequence similarities to remove the redundancy. If any chain in the protein of a complex has at least 30% sequence identity with a chain in the protein from another complex, or if any chain in the RNA of a complex has at least 70% sequence identity with a chain in the RNA from another complex, the two complexes were grouped into the same cluster. We set a higher sequence identity cutoff for RNA because similar percentages of homology result in much larger differences in RNA structures than in protein structures. [39] According to the clustering criterion, the 313 complexes were then grouped into 87 clusters. The crystal structure with the best resolution in each cluster was selected as the cluster's representative, resulting in 87 bound structures.
To obtain the corresponding unbound structures, we searched all the sequences in the PDB against each chain in the above 87 pairs of bound structures using BLAST. [40] If a protein or RNA structure in the PDB had more than 90% sequence identity to the bound structure and the alignment covered more than 90% of the shorter sequence, the structure was considered as a candidate for the unbound structure. If there are multiple unbound candidates for a bound structure, the unbound structure was selected according to the following priorities: highest sequence identity, highest resolution crystal structure unless only NMR structures were available, and closest length. For each NMR structure which consists of an ensemble of structures, the first model was selected as a representative of the unbound structure. Only those targets for which there was an unbound structure for the protein or the RNA were kept, reducing the target number to 72. It should be noted that most of the unbound structures are other bound structures with different docking partners or in a different condition due to the limited number of free protein or RNA conformations in the PDB. These 72 targets form our benchmark dataset of bound and unbound structures for the assessment of protein-RNA docking.
Results Table 1 lists the 72 targets in our benchmark dataset for protein-RNA docking. More information can be found in the table provided at our website (http://zoulab.dalton.missouri.edu/ RNAbenchmark/). For convenience, each target is named by the PDB entry of the complex for the bound structures. To make the benchmark dataset easy to use, the unbound structures of the proteins and the RNAs were superimposed onto their respective bound structures using Chimera, [41] which can be viewed with the Jmol program.
Jmol is an open-source Java viewer for chemical structures in 3D (http://jmol.sourceforge.net/). By using the interactive Jmol viewer, users can easily examine and compare the bound and unbound structures in both ribbon and atomic modes. More interactive features will be added in the next release. For each target, following the sequence alignment, a residue number mapping between the bound and unbound structures was obtained for the protein and the RNA, respectively. Based on the residue mapping, a second set of mapped bound and unbound structures was created by removing the mismatched residues in the alignment from the original structure files. This set of mapped bound and unbound structures will be useful for docking evaluations because the bound and the unbound structures have the same number of residues in the same order. Thus, every target of the benchmark dataset consists of a pair of complexed bound structures and their unbound structure(s) from the PDB for the protein and/or the RNA, their mapped bound and unbound structures, and two files on residue number mappings for the protein and RNA, respectively. All the binding interfaces of the bound and unbound structures were manually checked and no gaps were found that would significantly affect the binding between the protein and the RNA. Unusual amino acids or nucleic acid residues in the bound and unbound structures are also specified in the table listed at the website (http://zoulab.dalton.missouri.edu/RNAbenchmark/) for the convenience of docking preparation. The 72 targets are grouped into three categories, ' 'easy,' ' ' 'medium,'' and ' 'difficult' ' cases. The categories are classified based on two parameters, I rmsd and f nat ( Table 2 ). I rmsd is the root mean square deviation (RMSD) of the interface region Table 1 . Benchmarking structures for protein-RNA docking.
Complex of bound structures [a] Unbound structure(s) [a] The chain IDs of the interacting protein and RNA in a complex is separated by ' ':' ' , in which the former chain stands for the protein and the later chain is for the RNA.
[b] ' 'Prmsd' ' (' 'Rrmsd' ') stands for the global RMSD (Å ) of the protein (RNA) between its bound and unbound structures after optimal superimposition. The column is left blank when there is no unbound structure. In such a case, the bound structure can be used for unbound docking in the benchmark dataset.
[c] ' 'PBU/RBU' ' stands for the subset of the targets in which both the protein (P) and the RNA (R) are represented in bound and unbound conformations, and ' 'PB/RBU' ' for the subset in which the protein is found only in bound conformations, and the RNA is present in bound and unbound conformations. Similarly with ' 'PBU/RB.' ' [d] DSASA stands for the change of solvent access surface areas (SASA) of the protein and the RNA upon complex formation, in which SASA is calculated by the program NACCESS. [42] FULL PAPER WWW.C-CHEM.ORG between the bound and the unbound structures of a target after optimal superimposition. The interface is defined as those residues of the bound structures having at least one atom that is within 10 Å from the other partner. The superimposition was based on one backbone atom for each residue, that is, Ca atoms for the protein and C4 0 atoms for the RNA. [43] The f nat parameter of a complex is defined as the fraction of the native contacts in the unbound structures, namely, the ratio of the number of native residue-residue contacts in the superimposed unbound structures to the number of residue contacts in the native bound structures. A pair of residues from different partners are defined as contact residues if they are within 5 Å of each other. [44] According to the criteria, the benchmark dataset contains 49 ' 'easy' ' targets, 16 ' 'medium' ' targets, and 7 ' 'difficult' ' targets (Table 1) . It should be noted that ideally the difficulty-based categorization of the targets should be classified according to the docking results such as the number of hits in the top predictions. However, such docking results often depend on the docking algorithm and docking parameters in use, which could result in inconsistency in categorization by different research groups. Therefore, in this work, we rely on the two parameters that are commonly used by the docking community, I rmsd and f nat , to classify the targets in the benchmark dataset. [17] The classification by I rmsd and f nat is a reflection of the conformational changes between the unbound and bound structures, particularly the conformational changes at the binding interface. Normally, the ' 'easy' ' targets have small conformational changes and thus keep a large percentage of the native contacts (Fig. 1A) . These targets are good for validating the performance of a semirigid docking algorithm in which protein flexibility is considered implicitly. The easy targets can also be used to examine the efficiency of rigid-body sampling-the first step for all docking algorithms. The ' 'medium' ' targets often involve significant conformational changes from the unbound to bound states (Fig. 1B) . Therefore, docking the ' 'medium' ' targets may require explicit consideration of protein flexibility during sampling. Otherwise, the correct binding modes would not be ranked in the top predictions. For ' 'difficult'' targets, there are often global conformational changes such as large domain movements via hinges between the unbound and bound structures (Fig. 1C) . In some extreme cases, the binding site may be even blocked in the unbound structures due to the large conformational changes. For example, in Table 1 , Target 2HW8 has the binding interface partially blocked in its unbound structure. Moreover, the binding interface of Target 2IPY is fully blocked in its unbound structure. Therefore, when docking the difficult targets, protein flexibility must be considered. The correct binding mode may be completely missed if the large conformational change is not explicitly considered during sampling.
An important feature for individual unbound structures is the overall conformational change between the bound and unbound structures. We have calculated the global RMSD between the bound and the bound structures after optimal superimposition based on one backbone atom per residue, which are listed in Table 1 . It can be seen from the table that overall the unbound structures tend to have smaller global RMSDs for easy targets, and larger global conformational changes for difficult targets (e.g., 13 .86 Å for the protein of 2V3C), as what is expected.
It is also notable from Table 1 that for a few targets only one unbound structure can be found from PDB for one of the two binding partners; the other binding partner has no available unbound structure. A second feature of Table 1 is that a few unbound RNA structures such as 1E8O have a very small global RMSD due to the fact that both the bound and unbound structures were solved by the same group. To take this phenomenon into account, we have introduced a new concept-the ' 'unbound conformation,' ' that is, an unbound structure with a global RMSD greater than 0.1 Å ; otherwise, the unbound structure is defined as a ' 'bound conformation.' ' According to the availability of unbound conformations for the protein and the RNA, the benchmark dataset of 72 targets are divided into three categories, ' 'PBU/RBU,' ' ' 'PBU/RB,' ' and ' 'PB/ RBU,' ' where ' 'PBU/RBU' ' stands for those targets in which both the Protein (P) and the RNA (R) have the bound (B) and unbound (U) conformations, ' 'PB/RBU' ' for the targets in which the protein is only found in the bound conformation, while the RNA is present in both the bound and the unbound conformations, and ' 'PBU/RB' ' has a similar definition. Following the classification, the benchmark dataset consists of 52 ' 'PBU/ RBU' ' targets, 17 ' 'PBU/RB' ' targets, and 3 ' 'PB/RBU' ' targets. Considering the conformational changes between the unbound (U) and the bound (B) conformations, it is expected that the ' 'easy' ' category should contain the largest number of ' 'PBU/RB' ' or ' 'PB/RBU' ' targets, and the ' 'difficult' ' category should have the largest percentage for ' 'PBU/RBU' ' targets. This is indeed the case, as shown in Table 1 .
To measure the size of a binding interface for each target, we also calculated the change of the solvent accessible surface areas (SASA) of the protein and the RNA on binding. DSASA is defined as (SASA of the protein þ SASA of the RNA-SASA of the complex). Here, the SASA was calculated with the NAC-CESS program, [42] in which the probe radius was set to 1.4 Å .
Discussions
Compared to the field of protein docking, the RNA-docking field is relatively young with only a small number of published examples. This phenomenon may be attributed to three reasons. First, it is challenging to predict the threedimensional (3D) structure of an RNA from its sequence, which has limited the application of computationally predicted RNA 3D structures to molecular docking. Unlike proteins whose sequences are conserved among homologs, RNA molecules show conservation in secondary and tertiary structures but not in primary sequences. In addition to the native structure which corresponds to the global minimum, there exist many metastable conformations which correspond to the local minima on the free energy landscape of RNA folding. It is, therefore, challenging to predict RNA 3D structures from sequences by homology modeling, as shown in Target 33 of the CAPRI experiment. [45, 46] Second, compared to experimentally determined protein structures or protein-protein complex structures, there are very limited RNA structures or protein-RNA complex structures in the PDB that can be used for the development, validation, and improvement of RNA docking algorithms. Therefore, a well-prepared benchmark dataset of protein-RNA complexes is urgently needed. Finally, it is challenging to account for conformational changes in proteins and particularly in RNA molecules on binding, a reason for us to provide both the bound and unbound structures in our dataset. During the development of our benchmark dataset, we have limited the size of the RNA to 20-200 nucleotides because of the following reasons. If an RNA chain is too short, it cannot fold into a stable 3D structure, or it is normally part of a larger RNA. If an RNA chain is too long, say more than 1000 nucleotides, it may be too challenging for the existing RNA structure prediction algorithms to predict a reliable 3D structure and its conformational change that can be used for docking calculations. As shown in Figure 2 , for the 859 protein-RNA complexes initially extracted from the PDB (see the Materials and Methods section), the lengths of their RNA chains are mainly distributed in two regions. The first region ranges from 1 to 200 nucleotides and consists of different types of RNA molecules. The other region is between 1400 and 1800 nucleotides, which correspond to ribosomal RNAs (rRNA).
Despite the rich source of ribosomes in the PDB, these complexes are not included in the present release of the RNA benchmark because most of the existing docking algorithms are designed for two-body docking. [17, 19, [25] [26] [27] A target in a benchmark dataset normally contains only one biologically important binding interface that is formed by two binding bodies, for example, two protein structures for protein docking benchmarks, or one protein structure and one RNA structure for protein-RNA docking benchmark in this case. In contrast, a ribosome complex usually consists of a large RNA subunit that has more than 1000 nucleotides and multiple protein chains which are embedded in the RNA. For example, the ribosome 1JJ2 includes one rRNA chain of 2922 nucleic acids and 28 protein chains. These protein chains/structures form multiple separate protein-RNA interfaces with the rRNA. The complexity involved in such multibody binding problems is beyond the scope of present docking algorithms. Therefore, based on the distribution of the RNA sizes shown in Figure 2 , we have restricted the maximum size for the RNA 
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WWW.C-CHEM.ORG molecules to 200 nucleotides in the current benchmark dataset. However, this restriction does not exclude protein-rRNA interactions from the benchmark dataset. As shown in Table 1 , there are quite a few targets on protein-rRNA fragment interactions that may serve as good examples for investigation of their binding mechanisms. Given the biological importance of ribosomes, we will include ribosomes as a special category in the next version of our protein-RNA docking benchmark dataset. The ribosomal structures will be useful for the development and assessment of multibody docking algorithms and may also serve as a benchmark for application of traditional two-body docking algorithms to ribosome research.
Theoretically speaking, we shall not limit the number of the chains in each binding partner so as to collect as many protein-RNA interfaces as possible in our benchmark dataset. However, more chains in a binding partner also mean much less possibility in finding the corresponding unbound structure with the same number of chains from the PDB, leading to fewer effective targets in the dataset. Considering the fact that some RNA molecules may break up into several chains in experimental conditions and that some protein structures might exist as an oligomer of multiple identical chains (e.g., a hexamer of six chains), we have limited the number of the chains in the protein or RNA to be no more than six when constructing the present benchmark dataset, which keeps sufficient number of effective cases in the dataset without leaving out those important oligomers that have multiple chains.
Furthermore, a benchmark dataset should be diverse to represent different types of proteins and RNA molecules. In this study, we have used sequence as an index for diversity, a commonly used index by other benchmark datasets. [19, 25] However, as aforementioned, unlike proteins, RNA molecules are conserved in secondary and tertiary structures but not in sequences. Therefore, we have used a stricter clustering method to diversify our selection of the protein-RNA complexes. Namely, two complexes are grouped into the same cluster if the two proteins have higher than 30% sequence identity or if the two RNA molecules have higher than 70% sequence identity. It is noted that the present sequence cutoff for RNA (70%) is lower than the cutoff used in the literature. [19] To consider the structural diversity of RNA molecules, secondary and tertiary structures would be a better clustering index than sequences, which will be addressed in the future when the benchmark dataset is updated. To measure the induced fit and conformational adaptation on binding, we have calculated the RMSD between the bound and unbound structures. Despite the RMSD metric is widely used for benchmark datasets by the docking community, [17] [18] [19] [25] [26] [27] [28] it should be noted that RMSD is a crude, global measurement of conformational changes. For RNA structures, other metrics such as the consideration of specific interactions like non-Watson-Crick base pairing would provide more informative measures on the similarity of RNA structures. The reliability in predicting non-Watson-Crick base pairs [47] directly determine the accuracy of the predicted RNA structures and conformational changes, which is important for RNA-protein docking.
For the calculation of interface RMSDs in this study, for simplicity, each residue is represented by one backbone atom, that is, Ca for the protein and C4 0 for the RNA. It should be noted that unlike proteins for which each residue is commonly represented by the Ca backbone atom in reduced models, RNA molecules have different reduced representations for each nucleotide, such as the use of P and C4 0 . [19, 42] An advantage of using C4 0 over P is that DNA and RNA molecules normally contain C4 0 atoms in each nucleotide but may miss P atoms in the terminal residues in some PDB files such as 1YVP. However, different representations will not result in significant differences in the measured RMSD values.
Conclusion
We have constructed a benchmark dataset for protein-RNA docking, which consists of 52 unbound/unbound cases and 20 unbound/bound cases. All the bound and unbound structures in the benchmark dataset are extracted from experimentally determined structures in the PDB, reflecting real conformational changes of the proteins and RNAs on binding. The diverse bound and unbound structures may serve as a benchmark to assess the performance of docking and scoring algorithms on protein-RNA interactions. All the structures in the benchmark dataset listed in Table 1 are freely available at http://zoulab.dalton.missouri.edu/RNAbenchmark/. As a public resource of the RNA docking community, the benchmark dataset will be updated annually with the increasing number of protein-RNA complexes deposited in the PDB.
